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We analysed the variability of equivalent black carbon (BC) and ozone (O3) at the global WMO/GAW
station Nepal Climate Observatory-Pyramid (NCO-P, 5079 m a.s.l.) in the southern Himalayas, for eval-
uating the possible contribution of open vegetation ﬁres to the variability of these short-lived climate
forcers/pollutants (SLCF/SLCP) in the Himalayan region.
We found that 162 days (9% of the data-set) were characterised by acute pollution events with
enhanced BC and O3 in respect to the climatological values. By using satellite observations (MODIS ﬁre
products and the USGS Land Use Cover Characterization) and air mass back-trajectories, we deduced that
56% of these events were likely to be affected by emissions from open ﬁres along the Himalayas foothills,
the Indian Subcontinent and the Northern Indo-Gangetic Plain.
These results suggest that open ﬁre emissions are likely to play an important role in modulating
seasonal and inter-annual BC and O3 variability over south Himalayas.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Black carbon (BC) and tropospheric ozone (O3) play a key role in
the climate system: they are Short-Lived Climate Forcers/Pollutants
(SLCF/SLCP) that contribute to climate change (UNEP/WMO, 2011).
BC is the major component of soot, and it is directly emitted from
many common sources, such as diesel engines, industrial facilities,
domestic uses, open ﬁres. It is an efﬁcient absorber of solar radia-
tion, and it can alter the microphysics of clouds (Bond et al., 2013).
Its deposition onto snow and ice surfaces can modify the albedo,
thus favouring melting with implications for Himalaya cryosphere
and south Asia climate (e.g. Yasunari et al., 2010; Shrestha and
Barros, 2010; Qian et al., 2011; Bond et al., 2013). O3 is considered
as the third most important anthropogenic greenhouse gas after
CO2 and CH4 (IPCC, 2007) and it has been reported to have harmful
effects on the human health and on agriculture (The Royal Society,
2008). O3 also affects the oxidation properties of the troposphere
(Gauss et al., 2003).
Emissions from vegetation ﬁres contribute largely to the
composition of the atmosphere, since a wide range of atmosphericfanelli).
-NC-ND license.compounds are released during the combustion of vegetation:
carbon dioxide (CO2), carbon monoxide (CO), methane (CH4), and
many others, among which BC (Andreae and Merlet, 2001;
Simmonds et al., 2005).
The estimate of the inﬂuence of ﬁre emissions from vegetation
to the tropospheric composition appears urgent with regard to
south Asia, where a vast region extending from the Indian Ocean to
the Himalayas is characterised by the presence of copious amounts
of aerosols and pollutant gases (the so-called Atmospheric Brown
Cloud phenomenon), with severe implications for regional climate,
air-quality and food security (Ramanathan et al., 2008; Gustafsson
et al., 2009; Bonasoni et al., 2010). This region is well-known to be
affected by a signiﬁcant occurrence of open ﬁres (Fig. 1), mostly
occurring from January to June (Giglio et al., 2006; Venkataraman
et al., 2006). However, despite some recent studies (e.g.
Venkataraman et al., 2006; Sheesley et al., 2012; Pan et al., 2012;
Kharol et al., 2012) have deeply investigated the inﬂuence of
biomass burning to SLCF/SLCP in south Asia, a link between
biomass burning and BC and O3 is somehow lacking for what
concerns the Himalayan region. In particular, Vadrevu et al. (2012)
quantiﬁed the biomass burning emissions from the Himalayan re-
gion, using a variety of satellite products for characterizing ﬁre
events, but without comparing their estimates on the measured
atmospheric values of equivalent black carbon and ozone.
Fig. 1. NCO-P location (black star) and emission regions considered in this study
(modiﬁed from Ichoku and Kaufman (2005), INS ¼ Indian Subcontinent, SHI ¼ South
Himalayas, NIG ¼ Northern Indo-Gangetic Plain). Red points denote ﬁres detected by
MODIS on April 2010.(For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 2. Average seasonal diurnal variation of meridional wind component (Vy). The
error bars reported are the upper and lower endpoints of the 95% conﬁdence interval.
Table 1
Identiﬁcation of seasonal transitions.
Year Season Start day e end day
2006 Pre-monsoon 1 March e 20 May
Monsoon 21 May e 26 September
Post-monsoon 27 September e 20 November
2007 Winter 21 November e 31 January
Pre-monsoon 1 February e 5 June
Monsoon 6 June e 12 October
Post-monsoon 13 October e 14 November
2008 Winter 15 November e 2 March
Pre-monsoon 3 March e 9 May
Monsoon 10 May e 7 October
Post-monsoon 8 October e 4 November
2009 Winter 5 November e 15 March
Pre-monsoon 16 March e 20 May
Monsoon 21 May e 15 October
Post-monsoon 16 October e 13 November
2010 Winter 14 November e 13 March
Pre-monsoon 14 March e 5 May
Monsoon 6 May e 24 September
Post-monsoon 25 September e 23 November
2011 Winter 24 November e 7 February
Pre-monsoon 8 February e 13 June
D. Putero et al. / Environmental Pollution 184 (2014) 597e604598With the aim of shading light on this point, here we provide a
complete description of surface BC and O3 variability in the
Himalayas, basing on the observations performed at the WMO-
GAW global station Nepal Climate Observatory e Pyramid (NCO-P,
5079 m a.s.l. e Nepal), from March 2006 to June 2011.
2. Materials and methods
2.1. Materials
2.1.1. Measurement site and instrumental setup
Fig. 1 shows NCO-P geographic position (27.95 N, 86.82 E), at 5079 m a.s.l. in the
Khumbu valley, near the base camp of Mt. Everest. The measurements activities
concerning trace gases, aerosol properties and meteorological parameters (see
Bonasoni et al., 2010) were started on March 2006 in the framework of the UNEP
ABC (Atmospheric Brown Clouds, http://www.rrcap.ait.asia/abc/) and Ev-K2-CNR
SHARE projects. This station is placed far from important anthropogenic sources
of pollutants, and only small villages are present along the valley: the closest major
urban area is Kathmandu (w106 inhabitants, located about 150 km southwest from
NCO-P and 3.5 km down).
As reported in Bonasoni et al. (2010), NCO-P is both inﬂuenced by local “ther-
mal” mountain wind system and large scale circulation. In particular, the mountain-
valley breeze system is clearly observable analysing the diurnal variation of the
meridional wind component (Vy), as presented in Fig. 2. Southerly winds (Vy > 0),
indicating up-valley ﬂow, are evident from about 9:00 to 18e20:00 NST (Nepal
Standard Time, UTC þ 05:45) in all of the seasons; during the night the ﬂow is
reversed (Vy < 0, mountain winds) (Fig. 2). This is true except for the monsoon
when, on average, southerly winds (Vy > 0) characterised the measurement site
throughout all the day.
On the other side, the Khumbu valley is affected by the large scale circulation,
driven by westerly synoptic scale systems and the South Asian monsoon system,
which determine the seasonal and day-to-day variability of the meteorological
parameters at the NCO-P (see Bonasoni et al., 2010). Onset and decay dates of
summer monsoon and winter seasons at NCO-P are reported in Table 1, basing on
the approach adopted by Bonasoni et al. (2010).
The following instruments, housed in awood and aluminium shelter, are used to
observe BC, O3 and meteorological parameters at the NCO-P:
1. Surface O3 measurements are collected using a UV-absorption analyser Thermo
Environmental TEI 49C (S/N 0525712879). Themeasurements are referred to the
SRP15 reference scale hosted at the GAW World Calibration Centre (WCC) at
EMPA (Switzerland). See Cristofanelli et al. (2010) for more details.2. A Multi-Angle Absorption Photometer (MAAP 5012, Thermo Electron Corpora-
tion), operating at the wavelength of 670 nm, is measuring aerosol light ab-
sorption and the equivalent BC (by using the mass absorption efﬁciency of
6.5 m2 g1) at NCO-P since March 2006 (see Marinoni et al., 2010 for more
details).
3. Meteorological parameters, such as wind speed and direction, atmospheric
pressure, air temperature and relative humidity, are collected using a VAISALA
Weather Transmitter WXT510. Precipitation is measured with a piezoelectric
sensor.
All measurements refer to Nepal Standard Time (NST, UTC þ 05:45). For each
instrument, data are collected on a 1-min basis and then averaged to a common time
base of 30 min.
2.1.2. Back-trajectories calculation
In order to determine the path of air-masses reaching NCO-P, 5-day long back-
trajectories were calculated, using the Lagrangian Analysis Tool (LAGRANTO,
Wernli and Davies, 1997) model. Trajectories are calculated every 6 h (at 00:00,
06:00,12:00 and 18:00 UTC), starting at themeasurement site. The data-base for the
calculation of trajectories is the 6-hourly operational analysis ﬁeld of the ECMWF
(European Centre for Medium-Range Weather Forecast). Subgrid scale processes,
such as convection and turbulent diffusion are not represented by LAGRANTO; to
compensate such uncertainties, also 20 additional back-trajectories are calculated,
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measurement site location.
2.1.3. MODIS ﬁres data
The geographical and temporal identiﬁcation of the global open ﬁres was pro-
vided by the MODIS (Moderate Resolution Imaging Spectroradiometer) ﬁre product
(Justice et al., 2002; Ichoku et al., 2012).
Both MODIS/Terra and MODIS/Aqua measurements were considered, in partic-
ular, we used the Global Monthly Fire Location Products (MCD14ML). These data
contain information about the geographic location, date and some additional fea-
tures for each ﬁre pixel detected by the MODIS sensors on a monthly basis. The
spatial resolution of MODIS is 1 km at nadir, so that each pixel area corresponds to
106 m2. Moreover, a detection conﬁdence is provided as part of the product; for this
work, only ﬁres with conﬁdence value 75% (high-conﬁdence level) are used.
2.1.4. USGS land cover data
Since our goal is to investigate open biomass burning emissions derived from
natural and agricultural-related open ﬁres, only ﬁres occurring over speciﬁc types of
land use are retained. Data concerning the different types of vegetation and land use
are provided by a joint project among: the United States Geological Survey’s (USGS)
Earth Resources Observation System (EROS) Data Center, the University of Nebraska-
Lincoln (UNL) and the Joint Research Centre of the European Commission. A subset
of global land cover data base was used for this study.
2.2. Methods
2.2.1. Regions selection
For identifying the different vegetated regions over global scale possibly affected
by large occurrence of open ﬁres, we analysed the (i) USGS vegetation cover, (ii) the
LAGRANTO back-trajectories, and (iii) the MODIS ﬁre products. The MODIS ﬁres
dataset was ﬁltered by using a “mask” based on the USGS land cover to avoid
including false positives due to errors in detection, thus points not representative of
open ﬁres, such as spots over hot surface deserts - which result problematic for the
MODIS algorithm - urban areas, sea surface, barren or sparsely vegetated areas,
snow or ice. Then, the back-trajectories have been convoluted over the geographical
domain where ﬁres were retained. On a global scale, this led to identify 3 regions
(Fig. 1), whose 5-day old open ﬁre emissions could affect NCO-P.
2.2.2. Identiﬁcation of the acute pollution events
The acute pollution events were selected on a daily basis adopting the meth-
odology reported in Marinoni et al. (2013), based on a statistically signiﬁcant ex-
ceedance of daily BC averages in respect to the “climatological” values obtained byFig. 3. Daily average values for black carbon (BC, black dotted line, panel a), O3 (panel b) and
events are represented by red dots.averaging the yearly time series smoothed by a 21-day running mean. 162 days
characterised by very high BC daily levels (here assumed as a tracer for combustion
processes) were recognized during the period of interest (see Fig. 3).
2.2.3. Identiﬁcation of the measurement periods affected by open ﬁre emissions
In order to identify the measurement periods possibly affected by the transport
of open ﬁre emissions, we have coupled the occurrence of ﬁres fromMODIS and the
5-day back-trajectory ensembles. First, we calculated the back-trajectories and the
ﬁltered (according to the types of land use) MODIS ﬁres for each day of the pollution
events series. Then, the “occurrences”, deﬁned as the overpassing of each trajectory
point over an area of 0.1  0.1 built considering each MODIS ﬁre as centre, were
calculated. If at least one point of the member of the back-trajectory ensemble
overpassed an active ﬁre, the trajectory was ﬂagged as inﬂuenced by open ﬁres and
the measurements at the NCO-P were tagged to the geographical region where the
ﬁre occurred. In case the trajectory intercepted ﬁres over different regions, the
“weight” of each region was deﬁned according to the number of intercepted ﬁres
belonging to each region. An important point which was considered is the smoke
plume height for each active ﬁre. The smoke injection height depends on several
factors, such as the ﬁre radiative energy released by each ﬁre and the local meteo-
rology present at the time of burning; for this work, we have set a threshold, above
which the catchment of ﬁre emissions by air-mass was considered unlikely. Basing
on the survey of recent literature dealing with the determination of aerosol smoke
plume heights (e.g. Val Martin et al., 2010; Labonne et al., 2007; Soﬁev et al., 2012;
Vadrevu et al., 2012), we considered 3 km a.g.l. as the maximum possible extent of
biomass burning plume height. Moreover, with the purpose of corroborating this
choice, we analysed the upper extension of the aerosol layer for a subset (25%) of the
detected ﬁres, for which the Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite
Observation (CALIPSO) retrievals were available (not shown).
3. Results and discussion
3.1. Black carbon and ozone variability
Fig. 3 shows the time series of daily averages for BC, O3 and RH at
NCO-P. The average value of BC for the whole observation period
(March 2006eJune 2011) was 208.1  364.1 ng m3 (1s;
N ¼ 77,856). In agreement with the earlier work by Marinoni et al.
(2013), seasonal BC maxima were found during the pre-monsoon
(average value 459.2  553.2 ng m3, N ¼ 24,016), while minimarelative humidity (RH, panel c) for the period March 2006eJune 2011. Acute pollution
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The average O3 mixing ratio was 48.7  12.6 ppb (N ¼ 87,953):
maxima were observed during pre-monsoon periods (average
60.8  8.2 ppb, N ¼ 23,089) while minima during the monsoon
(40.2  12.3 ppb, N ¼ 32,155). As already argued by Bonasoni et al.
(2010) and as clearly indicated by the RH observations (Fig. 3), such
seasonal behaviours reﬂect the occurrence of the South Asia sum-
mer monsoon cycle and can be explained in terms of the different
weather types and pollutant emission and accumulation.
3.2. Open ﬁre seasonality over Central/South Asia
Fig. 4 shows the absolute ﬁre occurrence in each of the regional
boxes selected in Section 2.2.1, i.e. Northern Indo-Gangetic Plain
(NIG), Indian Subcontinent (INS) and South Himalayas (SHI). For
INS and SHI boxes the ﬁre occurrence is characterised by a
maximum in the pre-monsoon season (i.e. April for SHI and March/
April for INS) and a minimum during the wet monsoon season (i.e.
from June to September/October), in good agreement with early
work by Vadrevu et al. (2012). This is not the case for the NIG re-
gion, which, being less affected by the South Asian monsoon pre-
cipitation, is characterised by high ﬁre occurrences also during
monsoon and post-monsoon seasons. In this case, often a second-
ary yearly peak occurred in October/November, whereas INS and
SHI boxes showed very little ﬁre activity during these periods.
Throughout these events, ﬁres were located mainly in the southern
boundary of NIG box. On the other hand, as also reported by Giglio
et al. (2006), the spatial distribution of ﬁres for INS box was
essentially uniform through the whole region during the ﬁre sea-
son, except for the peak periods, when ﬁres were placedmostly just
south of the Himalayan region, thus indicating a likely wide source
of emissions that might affect NCO-P (see also Fig. 1).
3.3. Inﬂuence of biomass burning emissions to BC and O3 at NCO-P
3.3.1. Case study: April 2011
Signiﬁcant lower BC and O3 average levels
(242.0  273.6 ng m3 and 58.3  7.2 ppb, respectively) have been
observed at the NCO-P during pre-monsoon 2011 in respect to theFig. 4. Time series of the monthly open ﬁres occurrences for the regions considered in this st
Plain).remaining years (average levels: 451.4  600.6 ng m3 and
61.2  8.6 ppb, respectively). This was particularly evident for the
month of April, when the annual peaks in BC concentration are
usually observed at NCO-P (Fig. 3): as reported in Fig. 5, during the
ﬁve years of observations at NCO-P, April 2011 was the absolute
minimum for both BC and O3.
As already mentioned in Section 3.2, signiﬁcant year-to-year
variability characterised the number of ﬁres detected over the
three geographical regions (Fig. 4). With the aim of exploring the
possibility that open ﬁre emissions could affect the atmospheric
composition at NCO-P, we compared the monthly average BC and
O3 with the cumulative monthly number of ﬁres over NIG, INS and
SHI for April 2006 e 2011. Over the 6-year period, the linear cor-
relation coefﬁcient among BC and the number of ﬁres indicates a
good agreement between the two parameters (r ¼ 0.81 for SHI and
r ¼ 0.82 for INS), while no signiﬁcant relationship can be found for
ﬁres occurring over NIG (r ¼ 0.20). The number of ﬁres recorded in
April 2011 on SHI and INS regions are not the absolute minima of
the whole time series, but ﬁres for this year have reduced by nearly
60% in respect to April 2010, when a surprisingly high period of ﬁre
activity has been recorded. In particular, as reported by UNEP
(2010), during the ﬁrst 2 weeks of April 2010, very high levels of
BC and O3 (up to 2000 ng m3 and 80 ppb on 30-min average data)
have been observed at NCO-P due to the transport of ﬁre emissions
to the measurement site. These evidences suggested that open ﬁre
emissions, especially over INS and SHI, can play a signiﬁcant role for
the occurrence of elevated BC and O3 values at NCO-P during the
pre-monsoon season.
3.3.2. Identiﬁcation of emission regions
By using the method described in Section 2.2.2, we identiﬁed
162 acute pollution events over the entire time series at NCO-P. On
average, these acute pollution events were characterised by sig-
niﬁcant enhancements of BC (þ475% in respect to an average value
computed excluding the acute pollution events) and O3 (þ23%)
compared to the climatological values. As reported in Section 2.1.1,
the mountain/valley breeze is one of the leading processes which
can inﬂuence the BC and O3 concentrations at NCO-P: thus, an
analysis has been performed to identify possible days whose BCudy (INS ¼ Indian Subcontinent, SHI ¼ South Himalayas, NIG ¼ Northern Indo-Gangetic
Fig. 5. Values recorded for April of the different years. Panel a and b show monthly
average black carbon (BC) and O3 values recorded at NCO-P, panel c shows the number
of open ﬁre occurrences in the regions considered for this study. Vertical bars in panels
a and b represent the upper and lower endpoints of the 95% conﬁdence interval.
Fig. 6. Main box occurrences (%) for the different seasons during biomass burning (BB)
acute pollution events. Abbreviations for the box names and box extensions refer to
those presented in Fig. 1. Numbers at the top of each column indicate the total number
of occurrences veriﬁed during each season.
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thermal wind circulation. The analysis performed has shown that
most of the polluted days reported in Fig. 3 (92%) were charac-
terised by BC diurnal cycles that could be easily related to the
development of day-time (night-time) up-valley (mountain) winds
(Marinoni et al., 2010, 2013). In fact, on average, during these days
the BC diurnal cycle is characterised by the lowest values (average
value of 368.2 ng m3) in the early morning (around 6:00) and
maxima (1389.4 ng m3) during the afternoon (around 17:00).
Therefore, it is reasonable to believe that emissions originated from
the regional domains (i.e. NIG, INS, SHI), could have signiﬁcantly
contributed to the occurrence of the pollution events, assuming
that the along-valley wind circulation might favour the transport
up to high Himalayas (Bonasoni et al., 2010). With the aim of spe-
ciﬁcally evaluating the possible contribution of open ﬁre emissions
to the occurrence of these pollution events, we applied the method
described in section 2.2.3. From this analysis we obtained that the
56% of the acute pollution events (90 days, hereinafter referred to
as “BB acute pollution events”) were possibly inﬂuenced by open
ﬁre emissions occurring at regional scale (i.e. at least one occur-
rence veriﬁed during these days).For each of the 90 days possibly affected by open ﬁre emissions,
we selected the box in which the largest number of ﬁres were
intercepted by air-mass back-trajectories and we identiﬁed it as the
most likely region of ﬁre emission. Fig. 6 shows the main box oc-
currences (%) for the different seasons during the BB acute pollution
events. Post-monsoon is the only season in which no occurrences
were observed. Pre-monsoon season registered the most of oc-
currences (pre-monsoon days encompassed the 72% of the BB acute
pollution events), while less events were present during monsoon
(17%) andwinter days (11%). The South Himalayas (SHI) boxwas the
dominant one during pre-monsoon and winter seasons, with a
large number of events; during these seasons also Northern Indo-
Gangetic Plain (NIG) and Indian Subcontinent (INS) appeared to
play not negligible roles. This suggested that open ﬁre emissions
occurring in SHI box could strongly inﬂuence the occurrence of the
highest BC and O3 values observed at NCO-P on these seasons. On
the other hand, during the monsoon season the NIG box was pre-
dominant. This occurred during events characterised by weakening
or “break” in the southerly summer monsoon circulation which
lead to the establishment of dry westerly circulation over South
Himalayas (see also Marinoni et al., 2013). Considering all of the
seasons together, it was evident that the SHI contribution was the
most likely (78% of the events), followed by NIG (19%) and INS (3%).
Despite the very little extension of the SHI box, the majority of ﬁre
events intercepted by the air-masses lied inside this region, sug-
gesting that the regional contribution is dominant when consid-
ering the inﬂuence of open ﬁre events. A “representative” age of the
open ﬁre emissions has been estimated by identifying the time
along each back-trajectory when the last ﬁre has been intercepted
before reaching the measurement site. This information has been
aggregated on a daily basis by calculating the mode of the emission
age for the back-trajectories overpassing an active ﬁre. For the 90
“BB acute pollution events”, we obtained an average “representa-
tive” emission age of 1.8 days. For only 18 days a “representative”
emission age larger than 3 days has been calculated, while for 50%
of cases the last active ﬁre has been overpassed by air-masses in the
last 24 h before reaching the measurement site.
3.3.3. Contribution to BC and O3
Assuming that all the observed BC and O3 can be attributed to
the identiﬁed ﬁres, we roughly estimated the quantitative
Fig. 7. DO3 values as a function of the different “representative” emission ages of the
biomass burning (BB) acute pollution events. For each emission age, the boxes and
whiskers denote the 10th, 25th, 75th and 90th percentiles of DO3 values, the median
(mean average value) is reported as a red (black) line. For emission ages higher than
72 h days, the low number of occurrences prevents the complete calculation of the
percentiles. The different categories deﬁne the mode of the emission age for each set of
back-trajectories during a BB event, spacing from 1 (the event day) to 6 (5 days before).
D. Putero et al. / Environmental Pollution 184 (2014) 597e604602contribution that each of the above mentioned regional domains
gave in increasing the BC (O3) daily concentrations. To this aim, for
each day we computed the daily excess of BC and O3 in respect to
their seasonal average value (DBC and DO3). Then, we considered
the contribution of the ﬁres which occurred over each source re-
gion by applying the formula (1):
FOBOXi
FOTOTi
DXi ¼ DXBOXi with i ¼ 1; 90 and BOX
¼ SHI; NIG; INS (1)
where FOTOTi represents the total number of ﬁres intercepted by air-
mass back-trajectories during the i-day, FOBOXi the total number of
ﬁres intercepted by air-mass back-trajectories over each BOX (SHI,
INS or NIG) during the same day and X the considered SLCF/SLCP
(BC or O3). It should be noted that this represents an upper estimate
of the possible contribution that open ﬁre emissions play during
the detected “BB acute pollution event” days. For each season and
for each source region the DXBOXi have been averaged and reported
in Table 2.
During pre-monsoon season, the average DBC (Table 2) was
630.8  109.3 ng m3. The DBC minimized during the monsoon
season, when the NIG box was dominant (289.0  69.1 ng m3). In
winter the average DBCwas 488.8 228.3 ngm3, with the highest
contributions given by SHI (284.5  147.9 ng m3) and INS
(97.6  191.3 ng m3) regions. Considering all of the seasons, the
average DBC was 570.5  85.3 ng m3, with transport from SHI
playing a dominant role (388.7  80.4 ng m3).
Also DO3 was characterised by a signiﬁcant seasonal variability
(Table 2). Over the whole year, the average DO3 was 8.2  2.0 ppb:
the DO3 were tagged to SHI (4.3  1.3 ppb), NIG (3.6  1.7 ppb) and
INS (0.2  0.4 ppb). The highest DO3 has been calculated for the
monsoon (23.6 4.5 ppb), with the main contribution given by air-
masses from NIG (18.1  6.0 ppb) and SHI (5.1  4.9 ppb). Average
DO3 increases were far smaller during the pre-monsoon
(5.4  1.6 ppb) and winter (4.1  3.3 ppb) seasons, when theTable 2
Average seasonal DBC and DO3 values (TOTAL, expanded uncertainty (p < 0.05) of
the mean), as well as the contribution from each source region (SHI, NIG, INS). In
parenthesis, the number of biomass burning (BB) acute pollution events for each
season. Abbreviations for the seasons are the following: Pm ¼ pre-monsoon,
M ¼ monsoon, PM ¼ post-monsoon, W ¼ winter. The percentages represent the
increase/decrease in respect to the average seasonal mean computed neglecting the
BB acute pollution events. For each source region “All” represents the contribution
calculated over the whole analysis period.
Seasons SHI NIG INS Total
DBC (ng mL3)
Pm (65) 479.4  98.8 107.1  38.9 44.2  49.5 630.8  109.3
152% 34% 14% 200%
M (15) 65.3  57.0 289.0  69.1 e 363.4  31.5
121% 538% e 678%
PM (0) e e e e
W (10) 284.5  147.9 76.3  78.8 97.6  191.3 488.8  228.3
213% 57% 73% 367%
All (90) 388.7  80.4 133.9  34.5 42.8  41.4 570.5  85.3
239% 82% 26% 351%
DO3 (ppb)
Pm (65) 4.5  1.4 0.8  0.4 0.1  0.5 5.4  1.6
7% 1% 0.1% 9%
M (15) 5.1  4.9 18.1  6.0 e 23.6  4.5
13% 46% e 60%
PM (0) e e e e
W (10) 2.3  2.4 0.6  0.7 1.0  2.0 4.1  3.3
5% 4% 3% 8%
All (90) 4.3  1.3 3.6  1.7 0.2  0.4 8.2  2.0
9% 7% 0.4% 17%largest DO3 were still tagged to the SHI box (4.5  1.4 ppb and
2.3  2.4 ppb, respectively). The ozone production fromwildﬁres is
a complex process involving several variables, such as ﬁre emis-
sions, chemical and photochemical reactions, aerosol effects on
chemistry and radiation, and local and downwind meteorological
patterns (Jaffe and Wigder, 2012). This leads to very different in-
creases (or even decreases) in ozone mixing ratios in biomass
burning plumes (Cristofanelli et al., 2009). Indeed, it is worth
noting the relatively small average DO3 during the pre-monsoon
season, when 14 polluted days were even characterised by nega-
tive DO3. We should bear in mind that, during the pre-monsoon,
natural processes (i.e. deep stratospheric intrusions) as well as
the regional and long-range transport of air-masses rich in photo-
chemical O3 strongly affect south Asia and the southern Himalayas,
as observed at NCO-P (see Bracci et al., 2012; Bonasoni et al., 2010).
Moreover, O3 decrease within air-masses rich in BC can be also
tentatively related to: (i) the aggregate structure of BC particles
which offers a large surface area for heterogeneous interactions
favouring O3 adsorption on BC particles (Badarinath et al., 2007);
(ii) the reduction of the available solar irradiance by BC absorption
which can lead to impacts on O3 photochemistry during the
transport (Li et al., 2005). With the purpose of better investigating
these points, we calculated the magnitude of O3 enhancements as a
function of “representative” plume age (see Section 3.3.2), as
shown in Fig. 7. According to previous works (see Jaffe and Wigder,
2012, and references therein), we observed an increase of averaged
DO3 with the emission age increasing. In particular, all the negative
DO3 values have been tagged to the youngest emissions (younger
than 48 h), while the oldest air-masses showed the largest DO3,
possibly indicating active photochemistry in the biomass burning
plumes. However, a particular caution should be exercised in
commenting results for the oldest emission ages (higher than 48 h),
due to the rather low number of occurrences.
4. Conclusions
This paper presented 5 years of continuous BC and O3 obser-
vations at the WMO/GAW global station Nepal Climate
D. Putero et al. / Environmental Pollution 184 (2014) 597e604 603Observatory-Pyramid (NCO-P, 5079 m a.s.l.) and investigated the
possible contribution of open vegetation ﬁres to the variability of
these SLCF/SLCP.
Over the investigation period (March 2006eJune 2011), BC and
O3 have shown an average value of 208.1  364.1 ng m3 and
48.7  12.6 ppb, respectively. In agreement with earlier works
(Bonasoni et al., 2010; Cristofanelli et al., 2010; Marinoni et al.,
2010, 2013), both BC and O3 showed a typical yearly cycle with
maxima during the pre-monsoon andminima during themonsoon.
Signiﬁcant inter-annual variability has been pointed out for average
BC and O3 values during the pre-monsoon season, especially in
April when their highest monthly average values are typically
observed at the NCO-P. We showed evidence for a possible inﬂu-
ence of open ﬁres occurrence in south Asia on this inter-annual
variability.
With the aim of systematically investigating the role that 5-day
old emissions from open ﬁres in south Asia could have in promoting
the development of “acute pollution events” at NCO-P, we analysed
5-day back-trajectory ensembles as a function of active open ﬁres
detected by the MODIS satellite sensor. Among 162 polluted days,
90 (56%) showed a direct link with open vegetation ﬁres occurring
over central and south Asia. In particular, 78% of the ﬁres have been
overpassed over the South Himalayas region, with the remaining as
being distributed over Northern Indo-Gangetic Plain (19%) and In-
dian Subcontinent (3%). We performed a roughly estimate of the
contribution of open ﬁres to the daily BC and O3 at the measure-
ment site. Even if some reﬁnements should be adopted in the future
(e.g. exact deﬁnition of plume injection height, use of emission
coefﬁcients depending on the type of vegetation burned), we found
that, especially for BC, a major contribution from open ﬁres located
in the South Himalayas region was likely, especially during the dry
seasons (winter and pre-monsoon).
Although a signiﬁcant fraction (44%) of the pollution events did
not show any signal about possible inﬂuence of open ﬁre emissions,
these preliminary results, together with recent works dealing with
the impacts of BC emission on Himalayas cryosphere and south Asia
climate (e.g. Yasunari et al., 2010; Qian et al., 2011; Gautam et al.,
2011; Bond et al., 2013), stress the necessity of considering the
adoption of mitigation measures to minimize the occurrence of
open vegetation ﬁres in the south Himalayas and northern Indo-
Gangetic plains.
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